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Abstract
With plague being not only a subject of interest for historians, but still a disease of public health concern in several countries, mainly in
Africa, there were hopes that analyses of the Yersinia pestis genomes would put an end to this deadly epidemic pathogen. Genomics
revealed that Y. pestis isolates evolved from Yersinia pseudotuberculosis in Central Asia some millennia ago, after the acquisition of two
Y. pestis-speciﬁc plasmids balanced genomic reduction parallel with the expansion of insertion sequences, illustrating the modern concept
that, except for the acquisition of plasmid-borne toxin-encoding genes, the increased virulence of Y. pestis resulted from gene loss
rather than gene acquisition. The telluric persistence of Y. pestis reminds us of this close relationship, and matters in terms of plague
epidemiology. Whereas biotype Orientalis isolates spread worldwide, the Antiqua and Medievalis isolates showed more limited expan-
sion. In addition to animal ectoparasites, human ectoparasites such as the body louse may have participated in this expansion and in dev-
astating historical epidemics. The recent analysis of a Black Death genome indicated that it was more closely related to the Orientalis
branch than to the Medievalis branch. Modern Y. pestis isolates grossly exhibit the same gene content, but still undergo micro-evolution
in geographically limited areas by differing in the genome architecture, owing to inversions near insertion sequences and the stabilization
of the YpfPhi prophage in Orientalis biotype isolates. Genomics have provided several new molecular tools for the genotyping and
phylogeographical tracing of isolates and description of plague foci. However, genomics and post-genomics approaches have not yet pro-
vided new tools for the prevention, diagnosis and management of plague patients and the plague epidemics still raging in some sub-Saha-
ran countries.
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Introduction
Despite the fact that plague, a long-standing companion of
humans [1], still causes thousands of cases and deaths every
year, it evolved for centuries from a terrifying epidemic
infection responsible for rapid decrease in the European pop-
ulation during the Black Death and the subsequent epidemics
to an infection featuring sporadic cases to case clusters of
dozens to hundreds over much more limited geographical
areas during the past two millennia. The availability of one
almost complete genome sequence of a Black Death Yersinia
pestis strain [2] has ended past controversies regarding the
aetiology of the Black Death and the subsequent historical
epidemics. Combining palaeomicrobiology data with data
acquired by the observation of modern patients and their
environment can now allow us to focus on questions related
to the prevention of plague and the management of plague
patients. Notably, precise characterization of isolates remains
poor, as is the characterization of plague foci and that of the
plague vectors. With respect to these open issues, plague ge-
nomics has increased our understanding of this deadly patho-
gen and opened the way to post-genomic approaches for the
diagnosis and management of plague patients.
Y. pestis Genomics
There are 25 Yersinia genomes publicly available (GOLD
database, December 2011) [3], including three Yersinia
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enterocolitica, four Yersinia pseudotuberculosis and 18 Y. pestis
isolates comprising representatives of the four major bio-
types Antiqua [4], Medievalis [5,6], Orientalis [7–9], and Mi-
crotus [10], the Pestoides group [11], and a medieval, 1348–
1350 strain [2,12]. The optical mapping technique has helped
to close some of these genomes molecules [13] and to com-
pare back-to-back genomes representative of various Y. pestis
biotypes [14]. Indeed, it was recently shown that optimal
Y. pestis genome sequencing could be achieved by combining
two technical approaches, such as the 454 paired-end tech-
nique the Illumina technique, with longer 454 sequencing
reads allowing rapid de novo assembly and analysis of geno-
mic structural changes, and higher Illumina coverage depth
giving accurate consensus sequencing and accurate mapping
assemblies, single-nucleotide polymorphisms (SNPs), and
insertion–deletions [6]. Indeed, 454-only sequencing proved
inaccurate in determining SNPs, insertion–deletions and vari-
able-number tandem repeats (VNTRs) within poly(A) or
poly(T) homopolymer tracts, which are unstable genomic
regions and a source of sequencing errors [15]. Also, this
study revealed that previous Sanger method-derived genome
sequences contained several sequencing errors [6]. Proteog-
enomics allowed further correction of the genome sequence
errors [16]. Finally, the use of multiple bioinformatics tools
was necessary to disclose subtle sequence differences
between very closely related Y. pestis isolates. These data
thus indicated that Y. pestis genotyping could not rely only
on SNPs and differences in homopolymer tracts [6].
Genome-based analyses provided indications that Y. pestis
may have evolved as a separate clone from the closely
related Y. pseudotuberculosis [17]. Genomic analyses revealed
that about 13% of the Y. pseudotuberculosis genome is absent
from the Y. pestis genome, with a parallel expansion of inser-
tion sequences (essentially IS100) and subsequent chromo-
somal rearrangements, illustrating the emerging paradigm
that bacterial virulence increases with gene loss rather than
gene gain [18–20]. The only additions consist of eight chro-
mosomal loci including two coding sequences [21], a YpfPhi
prophage [22,23], plasmid pMT1 encoding the murine toxin,
and plasmid PCP1 encoding the plasminogen activator in
modern Y. pestis isolates [18], in addition to the low-calcium-
response plasmid pCD, which is common to Y. pseudotuber-
culosis (pYV) [18] and Y. enterocolitica [24]. Also, cryptic
plasmids part of the Y. pestis mobilome have not been
sequenced. Reﬁned analysis based on genome-wide synony-
mous SNPs, variation in the number of tandem repeats and
IS100 insertions further suggested the evolution of zoonotic
‘pestoid’ strains over millennia, with further separation of
the Microtus biotype strains some 10 000 years ago [25]. A
six-gene synonymous mutations time-scale indicated that the
divergence of Y. pestis may have occurred 20 000–1500 years
ago [17], although the analysis of the 1348–1350 London
Y. pestis genome yielded a much more recent origin for the
modern Y. pestis strains [2]. The global analysis of 17 Y. pestis
genomes indicated that ancestral Y. pestis strains may have
spread from China through trade routes in all of the conti-
nents, and further evolved into country-speciﬁc lineages,
such as one North America lineage and one Madagascar line-
age [26]. Multilocus VNTR analysis with 25 loci of a world-
wide 500-isolate collection further showed that modern
Y. pestis isolates originated from a Central Asian region
located between modern China, Mongolia, Russia, and Ka-
zakhstan, with three clones spreading out of this region [27].
Indeed, Y. pestis isolates have been grouped into four bio-
types—Antiqua, Medievalis, Orientalis, and Microtus—on the
basis of nitrate reduction and fermentation patterns [28,29]
(Table 1). Some genetic bases for these robust biochemical
characteristics were determined before genome analyses
[29]. The analysis of isolates in China indicated that Medieva-
lis isolates are defective in the nitrate reductase napA gene,
owing to several mutations [30], similar to the Medievalis
reference KIM strain [5], illustrating potential conversion
from the Antiqua to the Medievalis biotype; likewise, the
Orientalis isolate exhibited an in-frame deletion in the glyc-
erol-3-phosphate dehydrogenase glpD gene, similar to the
Orientalis reference CO92 strain [7], illustrating the poten-
tial Antiqua-to-Orientalis conversion. Genome analyses indi-
cated that representatives of these biotypes had roughly the
same genomic content, regardless of the biotype (4.6 Mbp
encoding 4198 open reading frames in Medievalis) [5], but
differed by genome architecture, as characterized by the
number of insertion sequences and stabilization of the YpfPhi
prophage in Orientalis isolates (Fig. 1). This observation
holds true when Orientalis isolates are compared with Med-
ievalis and Microtus isolates, which differ by several inver-
sions at the points of sequence insertion [5,10]. Likewise,
analysis of North American Y. pestis isolates that evolved
over just 100 years yielded several SNPs, six inversions, and
one rearrangement [31]. Besides the robust biotype classiﬁ-
cation, genome comparisons indicated that Y. pestis could be
alternatively viewed as comprising several evolving genomic
groups that do not strictly overlap with the biotypes [17].
The most commonly used scheme relies on the analysis of
SNPs, clustering modern isolates into three branches:
branch 0 clusters pestoid isolates that are more closely
related to the Y. pestis common ancestor; branch 1 clusters
Orientalis isolates along with Antiqua isolates from Asia; and
branch 2 clusters Medievalis isolates along with Antiqua iso-
lates from Africa [2,17]. However, as a recent study indi-
cated that previously sequenced genomes may contain
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numerous sequencing errors leading to false SNPs [6], and
that these SNPs are undergoing rapid micro-evolution during
epidemics [2], this scheme should be regarded as provisional.
Ecology and Epidemiology of Plague
Genomic analyses pointed to a close evolutionary relation-
ship between Y. pestis and the opportunistic enteropathogen
Y. pseudotuberculosis [24]. The latter organism is a soil inhabi-
tant, and the genetic proximity between the species raised
the question of whether this could also be true for Y. pestis.
Living Y. pestis organisms have been observed in the soil of
plague patients’ houses as soon as the discovery of the pla-
gue organism [32], and Y. pestis has been further observed in
the soil of a burrow devoid of rodents for more than 1 year
[33]. Also, long-term survival of Y. pestis in soil had been
demonstrated [34]. As these papers had been published in
French in non-indexed journals, these data vanished, and we
recently conﬁrmed experimental observations [35]. Also,
detection of Y. pestis at the place where a mountain lion died
of plague, 24 days after its death, was reported [36]. There-
fore, genetic and genomic analyses revealed a previously for-
gotten characteristic of Y. pestis as a telluric organism, in
agreement with genomic analyses.
In agreement with this concept, genome analyses indicated
micro-evolution of Y. pestis in restricted geographical areas.
For example, genome analysis of four Y. pestis isolates col-
lected in four different plague foci in China showed micro-
evolution speciﬁc for each focus [30]. Likewise, genome
sequencing of three environmental isolates was used to ana-
lyse an outbreak of pneumonic plague in a new plague focus
in Yulong in 2005 [9]. Also, genome analysis provided a list
of 19 SNPs characteristic for North American Orientalis iso-
lates [37]. Analysis of four regions of difference (RDs) found
by genome comparisons in 636 strains of Y. pestis from ten
TABLE 1. Correlations between the phenotype, the genetics and the genomics of modern Y. pestis isolates
Antiqua Medievalis Orientalis Microtus Reference
Phenotype Glycerol (fermentation) + + ) + 29
Nitrate (reduction) + ) + ) 29
Arabinose (fermentation + + + ) 29
Genetics glpD Intact Intact 93-bp deletion Intact 29
napA Intact Point mutations Intact Point mutations 29
araC Intact Intact Intact 122-bp deletion/G insertion 29
Genomics YpPhi prophage Unstable Unstable Stable Unstable 22
MST 1–7 8–11 12–19 ND 48
SNP Branch 1
Branch 2
Branch 2 Branch 1 Branch 0 25, 26
MST, multispacer sequence typing; SNP, single-nucleotide polymorphism; ND, not determined; +, positive; ), negative.
FIG. 1. Genome rearrangements drive the diversity of modern Yersinia pestis isolates. (a) Y. pestis CO92 (Orientalis). (b) Y. pestis KIM (Medieva-
lis). (c) Y. pestis Antiqua. (d) Y. pestis 91001 (Microtus).
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plague foci in China showed ﬁve patterns with one RD
(RD4) and one pattern speciﬁc for Antiqua biotype isolates
[38]. In Madagascar, combining SNPs and VNTR allowed
reﬁnement of the epidemiology of plague and demonstration
of the existence of several geographically separated Y. pestis
populations, as well as the transfer of such populations from
one area to another one [39].
Bases for Virulence
Interestingly, one sequenced isolate, 91001, isolated in China
from the vole Microtus brandti, was shown to be avirulent for
humans [10]. An initial genome sequence comparison with
CO92 (Orientalis) and KIM (Medievalis) strains disclosed a
unique 21 742-bp pCRY plasmid encoding a cryptic type IV
secretory system, and genomic rearrangements in both the
pMT1 plasmid and the chromosome in the vicinity of inser-
tion sequences with predicted 141/4037 (3.5%) pseudogenes
[10]. Two further studies addressed the large scale, genome-
based metabolism of virulent Y. pestis CO92 (Orientalis) [40]
and avirulent Y. pestis 91001 (Microtus) [41]. Genome com-
parisons disclosed the presence of a YpfPhi prophage [22],
probably acquired by the Y. pestis ancestor after the diver-
gence from Y. pseudotuberculosis, and stably integrated into
the Orientalis biotype genomes, which is unstable in the Anti-
qua and Medievalis biotype genomes and absent from the Mi-
crotus biotype genomes. It has been shown that this
prophage does indeed encode a ﬁlamentous phage, whose
deletion does not modify transmissibility by the ﬂea, but does
decrease experimental pathogenicity in mice; the molecular
bases remain to be elucidated [22]. Moreover, phage could
be implicated in the dynamics of Y. pestis clustered regularly
interspaced short palindromic repeats, three copies of which
have been found in Y. pestis genomes, characterized by a few
deletions and essentially the addition of new motifs [42].
We hypothesized that, besides virulence factors explaining
the prognosis of plague at the individual level, the possibility
of some Y. pestis isolates being transmitted by vectors other
than the classical ﬂea vectors could be determinant in the
epidemic phenomenon at the population level. We demon-
strated that the human body louse is such a vector in an
experimental model [43,44]. Recently, the analysis of the
ﬂea-simulated proteome of the avirulent Y. pestis (Microtus)
91001 strain showed that the Hms system and murine toxin
were highly expressed, and this was accompanied by
increased expression of plasminogen activator, the PhoP/
PhoQ two-component system, the type III secretion system,
iron acquisition systems (Ybt, Yfe, and Yfu), and the ferric
uptake regulator, indicating that the Y. pestis in ﬂeas was
primed for mammal infection [45]. These data agree with a
previous study indicating that genes involved in 12 iron
acquisition systems and one iron storage system (bfr and bfd)
were speciﬁcally induced in human plasma, and that ybt and
tonB (encoding the yersiniabactin siderophore virulence fac-
tor and the siderophore transporter, respectively) were
induced at 37C [46]. These conditions also induced the syn-
thesis of ﬁve ﬁmbrial-like structures (including the Psa viru-
lence factor), and the expression of genes involved in purine/
pyrimidine metabolism (the nrd genes), along with 120 genes
encoding unknown proteins [46]. Finally, it has been shown
that, as a ‘bad bug’, Y. pestis has a virulence repertoire char-
acterized by more toxin–antitoxin modules than Y. pseudotu-
berculosis (5 vs. 0) [47]. The activity of these toxins has been
demosntrated in Y. pestis [48].
Post-genomics Resolution of Epidemics
The recent publication of the almost complete genome
sequence of the Black Death Y. pestis strain found in the
1348–1350 London plague epidemics [2,12] pushed Y. pestis
genomics a step forward, adding the ﬁrst ancient genome to
the 17 genomes sequenced from modern isolates (Gold
database) [3]. It deﬁnitively closed a long-term controversy
regarding the aetiology of the Black Death and subsequent
epidemics, after the initial demonstration of Y. pestis
sequences in 1722 plague burial sites [49]. This medieval gen-
ome was sequenced after Y. pestis DNA had been trapped by
use of a Y. pestis CO92 DNA chip, meaning that any genomic
fragment present in the medieval strain and absent in the dri-
ver Orientalis strain could not be sequenced [2]. The medie-
val strain exhibited altered genome architecture in several
contigs, with some alterations being more closely related to
those found in Y. pseudotuberculosis, Y. pestis Pestoides and
Y. pestis Microtus, i.e. a genome architecture thought to be
more closely related to that of the ancestor of modern
Y. pestis isolates [2]. Phylogenetic analyses further indicated
that the medieval strain was ancestral to the sequenced
modern strains, and more closely related to the so-called
branch 1 isolates (Antiqua and Orientalis biotype isolates)
than to the branch 2 (Medievalis) isolates, in agreement with
previous observations that the Black Death and subsequent
strains were not linked to the Medievalis biotype, but rather
to the Orientalis biotype [50,51]. However, we observed
that the London strain genome lacked the complete glpD
gene sequence, thus hampering the observation of a 93-bp
deletion hallmark for modern glycerol-negative Orientalis
isolates [52]. These data suggest that the previous hypothesis
that each one of the three plague pandemics may have been
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caused by each one of the Antiqua, Medievalis and Orientalis
biotypes may not be true [28]. Further analyses of almost
1700 base positions disclosed signiﬁcant sequence variation
in one of the four studied individuals, suggesting micro-evolu-
tion and the possibility that several Y. pestis strains may have
circulated during the Black Death epidemics [2,53]. This had
previously been suggested on the basis of SNP analyses in
different Black Death burial sites [50]. Somewhat disappoint-
ingly, the initial analysis of the medieval genome did not
reveal any prominent genetic trait related to the devastating
Black Death, suggesting that this strain had no speciﬁc viru-
lence traits [2]. This observation agrees with the hypothesis
that we proposed, i.e. that the key factor in exploding Black
Death epidemics may have been direct human-to-human
transmission after the adaptation of Y. pestis to an alternative
vector, such as the body louse [44].
Regarding the molecular detection of Y. pestis, genome
analysis prompted the development of a real-time PCR assay
for the rapid detection of the Orientalis biotype and the dis-
tinction of North American strains [54]. The availability of
Y. pestis genomes prompted the development of post-geno-
mic typing tools, including PCR-sequencing-based multispacer
sequence typing, which has been shown to correlate with
biotyping [50]. SNP analysis has been recently applied to
trace the geographical distribution and dynamics of Y. pestis
isolates in Madagascar [39]. Also, it was shown that the anal-
ysis of the three Y. pestis clustered regularly interspaced
short palindromic repeats by PCR sequencing could be used
to trace the geographical focal origins of isolate, thus provid-
ing another spacer sequence-based technique for genotyping
and phylogeography [55]. Regarding the indirect diagnosis of
plague, one proteome microarray provided the proof-of-con-
cept that it was possible to measure an antibody response
speciﬁc for Y. pestis [56], but this technology is not available
for the current diagnosis of plague.
Although about 50 papers have been published in the last
5 years on plague vaccine, these papers have reported data
related to Y. pestis antigens known in the pre-genomics area,
and genomics and post-genomics approaches have not, in fact,
been of beneﬁt to the plague vaccine ﬁeld. Most such recent
studies did indeed use an F1-based vaccine and various galenic
presentations of this antigen known to elicit immune response
in mammals before the ﬁrst Y. pestis genome sequence was
available [57].
Conclusions
Y. pestis genomics approaches have provided insights into the
origin and evolution of this deadly pathogen, which ﬁt with
the current model of genome reduction associated with
increased virulence by comparison with its Y. pseudotuberculo-
sis common ancestor. It has been shown that genome archi-
tecture modiﬁcations rather than genome content sustain
ongoing micro-evolution in relation to the expansion of
insertion sequences. The current data indicate that a Central
Asia region may have been the birthplace of plague, with
subsequent spread west to east establishing micro-evolution
in limited geographical areas known as plague foci. Although
genome sequence analysis of one Black Death strain [2] did
not reveal any genetic trait explaining the devastating epide-
miology of this medieval epidemic, transmissibility of Y. pestis
to a human-borne vector such as the body louse may have
been an important factor in the start and spread of devastat-
ing epidemics. Despite the fact that genomics has not really
provided new diagnostic and therapeutic tools, post-genom-
ics analyses may provide such molecular or antigen-based or
combined tests such as immuno-PCR assays for the accurate
and rapid point-of-care diagnosis of plague, and contribute to
the development of vaccines.
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